Yersinia enterocolitica, an important cause of human gastroenteritis generally caused by the consumption of livestock, has traditionally been categorized into three groups with respect to pathogenicity, i.e., nonpathogenic (biotype 1A), low pathogenicity (biotypes 2 to 5), and highly pathogenic (biotype 1B). However, genetic differences that explain variation in pathogenesis and whether different biotypes are associated with specific nonhuman hosts are largely unknown. In this study, we applied comparative phylogenomics (whole-genome comparisons of microbes with DNA microarrays combined with Bayesian phylogenies) to investigate a diverse collection of 94 strains of Y. enterocolitica consisting of 35 human, 35 pig, 15 sheep, and 9 cattle isolates from nonpathogenic, low-pathogenicity, and highly pathogenic biotypes. Analysis confirmed three distinct statistically supported clusters composed of a nonpathogenic clade, a low-pathogenicity clade, and a highly pathogenic clade. Genetic differences revealed 125 predicted coding sequences (CDSs) present in all highly pathogenic strains but absent from the other clades. These included several previously uncharacterized CDSs that may encode novel virulence determinants including a hemolysin, a metalloprotease, and a type III secretion effector protein. Additionally, 27 CDSs were identified which were present in all 47 low-pathogenicity strains and Y. enterocolitica 8081 but absent from all nonpathogenic 1A isolates. Analysis of the core gene set for Y. enterocolitica revealed that 20.8% of the genes were shared by all of the strains, confirming this species as highly heterogeneous, adding to the case for the existence of three subspecies of Y. enterocolitica. Further analysis revealed that Y. enterocolitica does not cluster according to source (host).
MRS40 O:9 biotype 2 of Y. enterocolitica (low pathogenicity), resulting in increased virulence (49) . More recently, a novel virulence-associated type II secretion system unique to high-pathogenicity Y. enterocolitica strains has been described (36) . However, it is unlikely that these genetic differences alone can explain the relative pathogenicity of the three groups.
Comparative genomic DNA (gDNA) microarray analysis has been used to investigate several pathogenic bacterial species in relation to pathogenesis and host specificity (17, 19, 20, 23, 32, 39) . Microarray technology, allied to complex mathematical analysis to determine phylogeny, has provided a sensitive and robust method to examine the genetic relatedness of bacterial populations. The genetic relationships described by Bayesian phylogeny of a DNA-DNA microarray data set can then be correlated against the known phenotypes and ecological behavior of each bacterial strain in the analysis; this is particularly useful when studying the epidemiology and host association of pathogens (17) . Comparison of strains isolated from different hosts, as well as pathogenic and nonpathogenic strains, can reveal predicted coding sequences (CDSs) that may be important for virulence, pathogen-host interactions, and transmission. For example, within the two other human pathogenic Yersinia species, microarray studies of Yersinia pseudotuberculosis revealed 11 DNA loci that were absent or highly divergent compared to the Yersinia pestis C092 genome (32) . Acquisition of these loci may help to explain why Y. pestis can cause such a vastly different disease compared to its close enteropathogenic relative Y. pseudotuberculosis, from which it evolved an estimated 1,500 to 20,000 years ago (1) .
In this study, we have carried out a whole-genome analysis of 94 isolates of Y. enterocolitica from human and livestock sources with a whole-genome microarray based on the recently sequenced genome of Y. enterocolitica 8081, biotype 1B serotype O8. The DNA microarray data have been combined with sensitive Bayesian method-based algorithms to gain new insight into the population structure of Y. enterocolitica, which revealed several new potential virulence factors, suggests livestock as an important source of human yersiniosis and provided basic information on the evolution of the species Y. enterocolitica.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The 94 strains used in this study are summarized elsewhere (43) . Y. enterocolitica 8081 1B was sequenced and annotated at the Pathogen Sequencing Unit, The Wellcome Trust Sanger Institute, Cambridge, United Kingdom. Y. enterocolitica 8081 1B was originally isolated from a patient suffering from septicemia (51) , is highly pathogenic in the murine yersiniosis infection model, and has been widely studied.
Y. enterocolitica strains were cultured either in Luria-Bertani (LB) broth with constant shaking at 200 rpm or on solid medium prepared with LB agar. Incubation of both liquid cultures and agar plates was carried out at 28°C. All bacterial strains used in this study were stored in LB broth containing glycerol (15%) at Ϫ80°C. Bacterial chromosomal DNA was prepared with the Wizard gDNA purification kit (Promega). DNA samples were then analyzed by agarose gel electrophoresis and quantified with a GeneQuant spectrophotometer (Amersham). All gDNA was stored at Ϫ20°C in distilled H 2 O.
Microarray construction and hybridization. The Y. enterocolitica-specific microarray was designed to include 4,208 predicted CDSs from the Y. enterocolitica 8081 chromosome and 83 from plasmid pYV. PCR products were designed by the approach described by Hinds et al. (33) . Ten PCR products for each CDS were designed with Primer3 (56), and then, based on BLAST analysis, the optimum PCR product to represent each CDS was selected. PCR primers were synthesized by MWG Biotech (Ebersberg, Germany), and high-throughput PCR amplification was carried out with a liquid-handling and PCR amplification robot (RoboAmp 9600; MWG Biotech). PCR products were analyzed by agarose gel electrophoresis to ensure a unique band of the correct size and 5% of the products were confirmed by DNA sequencing. Microarrays were constructed by robotic spotting of the PCR products in duplicate on UltraGaps amino-silanecoated glass slides (Corning) with a MicroGrid II (BioRobotics). Further details of microarray construction methodology can be found in reference 34.
All of the strains in the collection were competitively hybridized with the Y. enterocolitica 8081 1B microarray, which had duplicate spots of the 4,291 CDSs. Hybridizations were performed by modifying a protocol previously described by Dorrell et al. (20) . Test gDNA was labeled with Cy5-dCTP, and Cy3-dCTPlabeled Y. enterocolitica 8081 gDNA was used as a common reference for all hybridizations. UltraGap slides were prehybridized in 3.5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS)-10 mg/ml bovine serum albumin for at least 20 min at 65°C. After prehybridization, the slides were rinsed in distilled water for 1 min and then in isopropanol for 1 min. The slides were dried by centrifugation at 1,200 rpm for 5 min and stored in the dark until ready for use. Control Cy3-labeled and test Cy5-labeled gDNA samples were mixed together and purified with QIAGEN PCR purification columns. The mixed control and test sample was eluted from the column with 71.5 l of distilled H 2 O. The labeled DNA was mixed with hybridization solution at a final concentration of 4ϫ SSC-0.3% SDS. The sample was then denatured and added to a prehybridized microarray slide. Two Lifter Slips (22 by 22 mm; Eyrie Scientific) were placed onto each array before sealing in a humidified hybridization chamber (Telechem International). The chambers were immersed in a water bath at 65°C for 16 to 20 h. The slides were washed in 400 ml of 1ϫ SSC-0.06% SDS at 65°C for 2 min, followed by two separate washes in 400 ml of 0.06% SSC at room temperature. The microarray slides were then scanned with a GMS 418 Scanner (Genetic Microsystems). Spot fluorescence intensities were acquired with ImaGene 5.5 (BioDiscovery Inc.).
Microarray data analysis and comparative phylogenomics. Whole-genome comparisons were carried out with GeneSpring v6.1 (Silicon Genetics). Samples were normalized in GeneSpring by the following criteria. Intensity values below 0.01 were set to 0.01, and a ratio was calculated by dividing the signal channel intensity by the control channel intensity for each gene in each sample; if the control channel was below 0.01, then 0.01 was used instead, and if the control channel and the signal channel were both below 0.01, then no data were reported. Each sample was normalized by dividing each measurement by the 50th percentile of all measurements in that sample with only genes flagged present or marginal by ImaGene to calculate the percentile. Normalized raw and control data for each array were exported from GeneSpring, transformed into log ratio data, and analyzed with GACK software to determine whether genes were (i) present or (ii) absent or highly divergent (40) . This software determines dynamic cutoffs for each array individually. The default GACK settings for trinary analysis were used (data histogram bin size, 0.10; data smoothing, none; peak modeling, normal curve; trinary output, trinary %EPP cutoff 1 ϭ 0; trinary %EPP cutoff 2 ϭ 100). The output of GACK was transformed into NEXUS format, and the relationship of the strains was determined with Bayesian method-based algorithms implemented through Mr Bayes v3.0 software (53) as described in reference 17. Mr Bayes requires data to be in a binary format, so any genes designated as marginal were attributed to the present category for further analysis.
All analytical procedures were identical to those described by Champion et al. (17) . In summary, microarray data analysis was undertaken by Bayesian methods performed with a Metropolis-coupled Markov chain Monte Carlo (Mr Bayes (35) with a 16-category gamma distribution to model the presence or absence rate heterogeneity per gene throughout the genome of the strain. A four-chain Metropolis-coupled Markov chain Monte Carlo was performed for 1.1 ϫ 10 6 generations, and a burn in of 0.1 ϫ 10 6 generations was used. The resulting tree was viewed by TREEVIEW (http://taxonomy.zoology.gla .ac.uk/rod/treeview.html). In addition, for phylogenetic analysis, if 5% of the CDSs were flagged (poor-quality spot) in a strain, then the strain was removed. If 10% of the strains had a CDS flagged, the CDS was removed. By the 5% criterion, strains Y14/02 (cattle, biotype 1A serotype O6,30) and Y13/02 (cattle, biotype 1A serotype O6,30) were not analyzed; therefore, 92 strains were included in the phylogenomic analysis.
Identification of genes contributing to clusters. To identify genes which contributed to the generation of the pathogenic and nonpathogenic clusters, MacClade 4 analysis of phylogeny and character evolution software was used (42) . The NEXUS file for all strains and the one-millionth tree from Mr Bayes were loaded into MacClade. The tree was then rooted with all of the 1B strains. Characters were then traced with the "trace all changes calculations" set to unambiguous changes only (minimum number changes). If a gene was absent or highly divergent in a particular strain, then the branch representing that strain was colored yellow. If the gene was present, then the branch was colored blue.
Nucleotide sequence accession numbers. Fully annotated microarray data have been deposited in BG@Sbase (accession number E-BUGS-36; http://bugs .sgul.ac.uk/E-BUGS-36) and also ArrayExpress (accession number E-BUGS-36).
RESULTS AND DISCUSSION
Strain selection. Strains selected for comparative phylogenomic analysis included 35 human (12 nonpathogenic, 15 low-pathogenicity, and 8 highly pathogenic), 35 pig (10 nonpathogenic and 25 low-pathogenicity), 15 sheep (8 nonpathogenic and 7 low-pathogenicity), and 9 bovine (7 nonpathogenic and 2 low-pathogenicity) isolates (43) . Eighty-six of these isolates are well characterized and were selected to represent a cross-section of the serotypes and biotypes prevalent between 1999 and 2000 in the United Kingdom. These isolates came from patients presenting to their general practitioners (GPs) with diarrhea or were collected during the Infectious Intestinal Diseases (IID) study (60) . Strains were biotyped and serotyped at the Health Protection Agency according to the modified scheme of Wauters (7). Further details of the methodology used in this survey and livestock sampling are described in reference 43 . No biotype 5 strains were tested, as they were absent from the study samples, and environmental biotype 1A isolates were not included in this study. A further eight human biotype 1B isolates of different serotypes originating from the United States were also included for analysis (5) .
Core set of genes present in all test strains identified. Genomic comparisons of 94 isolates were used to calculate the minimal core gene set. This was achieved by calculating the total number of genes that had a GACK score of "present" in every strain and control strain Y. enterocolitica 8081 1B. The minimal core gene set for Y. enterocolitica was 894 CDSs; this low core gene value validates that we have sampled a diverse collection of strains. The core gene set represents a surprisingly low value of 20.8% of the total genome ( Fig. 1) , suggesting that the pangenome of Y. enterocolitica is vast and that the size of the variable component dwarfs that of the core set of genes. By contrast, in similar sample size studies of C. jejuni and S. aureus the reported core set values were 59.2% and 78%, respectively (17, 25) . As expected, many of the functional categories that are involved in essential housekeeping functions, such as DNA and RNA metabolism, protein processing and secretion, cell structure, cellular processes, and energetic and intermediary metabolism, were represented in the core gene set. Many of the accessory genes composed of CDSs likely to have been acquired by lateral gene transfer, such as transposons, insertion sequences, phages, and pathogenicity islands.
Strains were designated high pathogenicity, low pathogenicity, or nonpathogenic depending on the clade they fell into by phylogenomic analysis. Individual core gene sets for highpathogenicity, low-pathogenicity, and nonpathogenic Y. enterocolitica strains were calculated as 71.2% (2,997 CDSs), 34.8% (1,464 CDSs), and 32.4% (1,362 CDSs), respectively ( Fig. 1) .
Comparative phylogenomic analysis. Phylogenomic analysis was carried out with microarray data generated from a strain collection consisting of 35 human isolates, 35 pig isolates, 15 sheep isolates, and 7 bovine isolates. Phylogenomic analysis was initially carried out with all 4,208 chromosomal CDSs of Y. enterocolitica 8081 and 83 CDSs from virulence plasmid pYV.
This resulted in division of the low-pathogenicity clade into further clades containing either strains that possessed pYV or those which had lost pYV. Because pYV can be readily lost during laboratory passage, the CDSs present in pYV were excluded from the subsequent analysis (8) . These data showed that by Bayesian method-based phylogeny the Y. enterocolitica isolates fell into three distinct clades, high pathogenicity, low pathogenicity, and nonpathogenic, one lineage supported by Bayesian probabilities (P ϭ 1.0) (shown in Fig. 2 ). These distinct clades formed irrespective of pYV, thus confirming that the presence of this plasmid is not the sole discriminatory factor for virulence in this species. These results also confirmed that the traditional biotyping is a useful method for distinguishing strains of Y. enterocolitica.
The highly pathogenic clade contained 8.7% of the strains analyzed (8/92) and was composed of eight biotype 1B strains isolated from patients in the United States. In the analysis, strain Y2 represents sequenced strain Y. enterocolitica 8081 1B. However, 1B strains of the same serotype did not cluster together.
The strains in the low-pathogenicity clade contained 51% of the strains analyzed (47/92) and were all of pathogenic biotype 2, 3, or 4. These strains had been isolated from either livestock (cattle, pigs, and sheep) sent for slaughter for human consumption or were human isolates from patients presenting to their GPs with diarrhea or collected during the IID study. Within the low-pathogenicity clade, the isolates have partially sepa- . Thus, this analysis has highlighted strains of particular interest that warrant further investigation. The distribution of isolates within the nonpathogenic clade was more heterogeneous than in the low-pathogenicity clade. As with the lowpathogenicity strains, human and livestock isolates were distributed throughout the clade and did not cluster according to source (host).
Although Y. enterocolitica 1A strains are traditionally considered to be nonpathogenic, three of the human isolates were recovered from patients presenting to their GPs with diarrhea or vomiting. Biotype 1A strains are generally thought to be avirulent because of the lack of virulence plasmid pYV and classical virulence determinants such as attachment-and-invasion locus (ail), myf, and ystA genes and a functional inv gene, which is typical of invasive isolates (45, 50) . However, there is growing epidemiological evidence suggesting that 1A strains can cause disease. Y. enterocolitica biotype 1A strains have been isolated from patients presenting with gastrointestinal illness in Australia, New Zealand, South Africa, Chile, Switzerland, Canada, and the United States (6, 11, 47) . Direct comparisons of a clinical 1A isolate against an environmental 1A isolate by subtractive hybridization identified 54 sequences that were present in the clinical isolate but absent from the environmental isolate (59) . Genetic differences between asymptomatic and case isolates in this study could not be found. It may be that host immune factors play a role in the clinical outcome of infection rather than genetic differences between isolates. Together, this evidence suggests that additional analysis of biotype 1A isolates from the environment, livestock, and clinical settings is required before further assumptions about the pathogenicity of this biotype can be made. The Y. enterocolitica 8081 microarray represents more than 4,200 CDSs; however, one disadvantage of using single-genome microarrays is that it is only possible to detect CDSs that are present in the strain used to make the array.
Genes present exclusively in American highly pathogenic (biotype 1B) strains. CDSs that were present in all eight highly pathogenic biotype 1B strains were identified with CDSs that had been designated as present by GACK analysis. GACK analysis designates CDSs present, marginal, or absent without the use of defined arbitrary cutoffs. These CDSs were present in all eight highly pathogenic U.S. strains and absent from or highly divergent in all other isolates. One hundred twenty-five chromosomal CDSs were identified by this method as detailed elsewhere (http://bugs.sgul.ac.uk/E-BUGS-36). Biotype 1B strains are highly pathogenic in mice, and genetic regions have previously been identified which have been shown to be unique to this biogroup. The list of 125 CDSs included regions of the previously characterized HPI (YE2611 to YE2622) (12, 13) , chromosomal type III secretion system Ysa (YE3536 to YE3561) (26, 31) , and a recently identified type II secretion system, Yts1 (YE3562 to YE3579) (36) , all of which are unique to highly pathogenic biotype 1B strains. These results validate our microarray methodology and analysis. In addition, several of the 125 CDSs identified were insertion elements, phage -related proteins, and 32 hypothetical proteins (representing 40% of the total number of CDSs). Of the remaining high -pathogenicity-specific CDSs, seven were highlighted as particularly noteworthy. BLASTX (3) analysis of the seven previously uncharacterized proteins revealed that these CDSs had highly significant similarities to other bacterial virulence determinants and thus may contribute to the virulence of biotype 1B strains ( (16, 41) ; YE2408 was similar to hemolysin activator proteins from many other bacteria (16); YE4052 was similar to metalloproteases found in several other bacteria; and YE4088, which is encoded by a pseudogene in Y. pestis, was similar to sensor kinase proteins found in many other bacterial species (16) . YE2447 showed similarity to OspG, a protein which is secreted by the Mxi-Spa type III secretion machinery in Shigella flexneri (10, 37) , and YE3614 was similar to a probable SPI2 translocated effector protein found in Chromobacterium violaceum and phospholipases found in many bacteria (9) . Effector proteins have been shown in many bacteria, including yersiniae, to be important in bacterial virulence. YopE and YopH are intracellular effectors encoded by virulence plasmid pYV of Y. enterocolitica. YopH is a phosphotyrosine phosphatase which is thought to protect Y. enterocolitica from phagocytosis, contribute to inhibition of cytokines produced by T cells, and prevent the ability of B cells to upregulate surface expression of the costimulatory molecule B7.2. YopE disrupts actin filaments (54) by depolymerization of actin stress fibers via activation of Rho GTPase (55) . We believe that these additional CDSs could help to explain why biotype 1B strains exhibit high virulence in mice and warrant further investigation.
Genes present in highly pathogenic Y. enterocolitica 8081 1B and low-pathogenicity biotypes. To identify further genes which may be important virulence factors, sequences that were present in all low-pathogenicity strains and the highly pathogenic Y. enterocolitica 8081 1B strain but absent from all nonpathogenic strains were identified. Only CDSs designated present by GACK analysis were included. Twenty-seven CDSs were identified as shown in Table 2 . There were many hypothetical proteins and three transposases for the insertion element IS1667. Several CDSs which may contribute to the virulence of these low-pathogenicity strains were identified, such as YE2922, which shows amino acid similarity to a putative protease. Microbial proteases are widespread in many pathogenic bacteria, where they play a critical role in functions related to colonization and evasion of host immune defenses, acquisition of nutrients for growth and proliferation, facilitation of dissemination, and tissue damage during infection. Both Proteus mirabilis and Neisseria meningitidis have proteases which can cleave immunoglobulin A1 molecules, resulting in loss of mechanisms for the elimination of antigens (2) . The YE3636-to-YE3643 region, which shares similarities with proteins encoding type IV secretion proteins and tight adherence protein A (TadA), which is present in many bacterial species, such as Vibrio vulnificus (18) , was also absent from any nonpathogenic biotype. The YE3636-to-YE3643 region encodes proteins that are similar to both type II and type IV secretion system proteins and to tight adherence protein A from Haemophilus ducreyi. Type II secretion systems exclusively drive the translocation of exoproteins across the outer membrane. Many bacteria use this system to excrete various toxins and hydrolytic enzymes such as exotoxin A and elastase in Pseudomonas aeruginosa (24) . Type IV secretion systems are known to be important for both transfer of DNA between species via conjugation (15) . Transfer of DNA between species can contribute to genome plasticity disseminating genes that can aid survival. In addition, MacClade 4 software was used to identify further CDSs that were clade specific. This was achieved by tracing the character evolution within the hypothesized phylogenomic tree. Tracing displays on the branches the most parsimonious number of losses or gains of CDSs that have occurred in order for that particular clade to form. The tree was rooted against all U.S. 1B isolates. This method was particularly useful as it displayed genes which may not be present or absent from every single strain but still contributes to the genetic differences which cause clade formation. Because of the binary format of Mr Bayes in this analysis, both present and marginal GACK-designated CDSs were classified as present. Analysis revealed 82 CDSs (a full list is available at http: //bugs.sgul.ac.uk/E-BUGS-36), of which 81 were absent or highly divergent from strains within the nonpathogenic clade. Thirty-three of these CDSs were hypothetical proteins, and 14 were associated with insertion elements or phage. Such sequences are often associated with virulence determinants. With MacClade, further CDSs were identified which could contribute to pathogenicity. YE1322, which has amino acid similarity to a putative repeats in toxin (RTX) family protein was shown to be absent from all nonpathogenic isolates. BLASTX analysis of this protein also showed similarities to putative virulence determinants found in Y. pestis and hemolysins. In addition, the YE1818-to-YE1820 region was absent from all 35 biotype 1A strains (Fig. 3 contains a MacClade analysis of YE1820), confirming previous studies showing that the attachment-and-invasion locus (Ail) protein (YE1820) is absent from nonpathogenic isolates (5, 45) . The YE1818-to-YE1820 region encodes a transposase for the insertion sequence element IS1328, a hypothetical phage-related protein, and the well -characterized Ail protein (44) .
Closer examination of CDSs both up-and downstream of this region revealed a large number of transposases and phagerelated proteins in sequenced strain Y. enterocolitica 8081 (Fig. 4) . The majority of these regions were absent from biotypes 1A and biotypes 2 to 4.
Genes present in highly pathogenic Y. enterocolitica 8081 and nonpathogenic strains but absent from low-pathogenicity strains.
Genes that were present in nonpathogenic strains and highly pathogenic strain Y. enterocolitica 8081 1B and absent from low-pathogenicity isolates were identified. Twenty-four CDSs were present in all nonpathogenic strains and highly pathogenic strain Y. enterocolitica 8081 but absent from all lowpathogenicity strains (Table 3) . By MacClade analysis, 102 CDSs were associated with the low-pathogenicity clade, of which 95 were absent, as detailed elsewhere (http://bugs.sgul .ac.uk/E-BUGS-36). A large proportion of the CDSs were involved in fatty acid or sugar metabolism and arsenic resistance. One notable cluster of genes is YE0896 to YE0910, which appears to encode several proteins involved in fatty acid biosynthesis. This gene cluster is conserved in a range of other bacteria, including E. carotovora and Escherichia coli. Within the YE0896-to-YE0910 region, YE0904, which is annotated as a putative thioesterase, was present in all biotype 1A and 1B strains but absent from biotype 2, 3, and 4 strains ( The absence of this region from biotypes 2 to 4, which gives a negative result for this test, may explain this observation. CDSs which may be involved in the following biochemical tests were identified as follows: indole, YE1222; xylose, YE2511 and YE4122; trehalose, YE3690, YE3773, YE3774, and YE3775. However, these CDSs were present in all test isolates; thus, if they are involved in such biochemical tests it may be due to small deletions, point mutations, or frameshift mutations in the genes which result in loss of function. Such mutations would not be detected in our study because of the limitations of microarrays based on amplified products.
YE0752, which encodes a superoxide dismutase cofactored by copper and zinc, was also absent from all low-pathogenicity strains but present in highly pathogenic and nonpathogenic isolates. Analysis of the completed but unpublished genome sequence of Y. enterocolitica strain 8081 revealed that it is the only copper-zinc superoxide dismutase in Y. enterocolitica 8081. Copper-zinc superoxides are located in the periplasm or anchored by lipids in the outer envelope (57) and have been shown to be important in the protection of bacterial cells such as N. meningitidis from the action of phagocytic cells (22) . pYV encodes proteins that aid in resistance to phagocytosis during infection; as nonpathogenic strains do not possess this plasmid, the presence of this superoxide dismutase may contribute to protecting the bacteria against the action of phagocytic cells. In addition, YE0444, encoding a multidrug efflux protein, and the YE0801-to-YE0804 region, which encodes several ATP-binding cassette proteins, were also absent from low-pathogenicity strains.
Evolution of Y. enterocolitica. In evolutionary terms, Y. enterocolitica is considered to be distantly related to Y. pseudotuberculosis and Y. pestis. Indeed, it has been suggested that Y. enterocolitica is as closely related to the other pathogenic yersiniae as E. coli is to Salmonella species (48) . The data obtained from microarray analysis were used to generate a phylogenetic tree based on a Bayesian method-based algorithm incorporating a gamma distribution to model rate heterogeneity across the genome. Each horizontal line on this tree represents the average number of gains or losses of a gene per gene of the genome strain; thus, the genetic distances among the strains in the three clades can be measured. Determining the exact evolutionary order of speciation or subspeciation for the three clades of Y. enterocolitica is not possible without an appropriate outgroup (a species which unequivocally evolved before the Y. enterocolitica complex). However, a brief analysis shows that low-pathogenicity and nonpathogenic strains were the most closely related genetically (approximately 0.19 gain or loss of a gene per gene) and the nonpathogenic clade was more closely related genetically to the highly pathogenic clade than the low-pathogenicity strains (approximately 0.33 compared to 0.37 gain or loss of a gene per gene). With the assumption that all genetic distances should be reasonably equidistant from the common ancestor (a molecular clock type of assumption), the highly pathogenic clade is a direct descendant of the most ancient common ancestor, and this could imply that the formation of mildly pathogenic and nonpathogenic strains resulted from a biogeographic movement between the New World and the Old World. The alternative rooting is presented herein and provides the most parsimonious evolutionary explanations, where the common ancestor is slightly more compatible with an Old World origin and is also the progenitor of the virulence plasmid, which would then be lost on a single occasion in the ancestor to the nonpathogenic and highly pathogenic clades.
In either scenario, a pathogenic phenotype could be present (46) . However, given the small core genome, unequivocal distinction between clades and the genetic distance between them, we believe that our data confirm that Y. enterocolitica is a highly heterogeneous species and adds weight to the case for the existence of three subspecies.
This method has also allowed a large proportion of CDSs to be identified that contribute to the formation of each clade and thereby identifying several new potential virulence determinants, which may help to explain the differences in pathogenicity observed in the various biotypes of this species. The approach described in this study provides a methodological prototype of robust phylogenomics that should be applicable to the study of other microbes. 
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